Lee EC, Strange K. GCN-2 dependent inhibition of protein synthesis activates osmosensitive gene transcription via WNK and Ste20 kinase signaling. Am J Physiol Cell Physiol 303: C1269 -C1277, 2012. First published October 17, 2012; doi:10.1152/ajpcell.00294.2012.-Increased gpdh-1 transcription is required for accumulation of the organic osmolyte glycerol and survival of Caenorhabditis elegans during hypertonic stress. Our previous work has shown that regulators of gpdh-1 (rgpd) gene knockdown constitutively activates gpdh-1 expression. Fifty-five rgpd genes play essential roles in translation suggesting that inhibition of protein synthesis is an important signal for regulating osmoprotective gene transcription. We demonstrate here that translation is reduced dramatically by hypertonic stress or knockdown of rgpd genes encoding aminoacyl-tRNA synthetases and eukaryotic translation initiation factors (eIFs). Toxin-induced inhibition of translation also activates gpdh-1 expression. Hypertonicityinduced translation inhibition is mediated by general control nonderepressible (GCN)-2 kinase signaling and eIF-2␣ phosphoryation. Loss of gcn-1 or gcn-2 function prevents eIF-2␣ phosphorylation, completely blocks reductions in translation, and inhibits gpdh-1 transcription. gpdh-1 expression is regulated by the highly conserved with-no-lysine kinase (WNK) and Ste20 kinases WNK-1 and GCK-3, which function in the GCN-2 signaling pathway downstream from eIF-2␣ phosphorylation. Our previous work has shown that hypertonic stress causes rapid and dramatic protein damage in C. elegans and that inhibition of translation reduces this damage. The current studies demonstrate that reduced translation also serves as an essential signal for activation of WNK-1/GCK-3 kinase signaling and subsequent transcription of gpdh-1 and possibly other osmoprotective genes.
MAINTENANCE OF CELLULAR AND extracellular water balance is essential for life. All cells are exposed to osmotic stress from changes in intracellular solute levels that occur during normal fluctuations in metabolism and membrane solute flux. Countless diverse organisms live in osmotically unstable environments and are exposed to extreme changes in extracellular osmolality. Mammalian cells are largely protected from extracellular osmotic perturbations by the kidney, which tightly regulates blood ionic and osmotic concentrations. However, cells in the renal medulla and gut are subjected normally to large osmotic challenges due to the renal concentrating mechanism and changes in fluid and food intake. In addition, several disorders, such as renal failure, diabetes, syndrome of inappropriate antidiuretic hormone secretion, and hypernatremia, disrupt plasma osmolality, and hypertonic solutions are used widely to treat diverse clinical problems such as intracranial hypertension and hemorrhagic shock. Cellular osmotic homeostasis requires the regulated gain or loss of solutes and activation of mechanisms that repair or remove osmotic stress-induced damage and protect cells from further damage. The mechanisms by which eukaryotic cells detect osmotic perturbations and activate downstream effector responses are poorly understood. Defining these mechanisms represents a central and longstanding problem in cell physiology.
We recently carried out a genome-wide RNA interference (RNAi) screen in Caenorhabditis elegans to identify eukaryotic cellular osmosensing and osmosignaling mechanisms. When exposed to hypertonic environments and associated water loss, C. elegans accumulates the organic osmolyte glycerol (27) . Accumulation is mediated in part by increased expression of the glycerol synthesis enzyme glycerol-3-phosphate dehydrogenase-1 (GPDH-1) (27, 28) . Using a transgenic worm strain expressing GFP driven by the gpdh-1 promoter, we screened over 16,000 double-stranded RNA (dsRNA) clones to identify genes that normally suppress gpdh-1 expression in the absence of hypertonic stress. This screen identified 122 regulators of gpdh-1 or rgpd genes. Loss of rgpd gene function constitutively activates gpdh-1 expression and glycerol accumulation (28) .
The rgpd genes fall into several well-defined functional classes. However, the largest class representing 65 out of 122 genes are genes that function in protein homeostasis or proteostasis. Proteostasis is the maintenance of the complement of properly functioning cellular proteins and involves multiple processes including protein synthesis, folding, assembly, trafficking, and degradation (3, 11) .
Fifty-five or eighty percent of the rgpd proteostasis genes perform critical roles in new protein synthesis. For example, 10 rgpd genes encode aminoacyl-tRNA synthetases, enzymes that catalyze the ligation of amino acids to cognate tRNAs and thus function to translate the genetic code and mediate polypeptide elongation. Another 10 rgpd genes encode eukaryotic translation initiation factors (eIFs) that are required for initiation of mRNA translation (28) .
The striking enrichment of rgpd genes with genes required for protein synthesis suggested the intriguing hypothesis that changes in the rate of mRNA translation function as part of an osmosensing/signaling pathway. The current studies were undertaken to test this idea directly. We demonstrate that both hypertonic stress and RNAi silencing of rgpd protein synthesis genes inhibit translation and induce gpdh-1 transcription. Inhibition of translation initiation during hypertonic stress occurs via activation of the highly conserved general control nonderepressible (GCN)-2 kinase with subsequent phosphorylation of eIF-2␣. gpdh-1 expression is activated downstream from eIF-2␣ phosphorylation by with-no-lysine kinase (WNK) and Ste20 kinases, which play highly conserved roles in salt and water homeostasis in animals ranging from C. elegans to humans. Our studies are the first to demonstrate a regulatory role for changes in translation and WNK and Ste20 kinases in osmosensitive gene expression. This work together with our previous studies provides the foundation for detailed molecular understanding of the role of changes in protein translation in stress resistance, protein homeostasis and cell signaling. (4) . Hypertonic agar plates were generated by adding additional NaCl to standard nematode growth medium.
MATERIAL AND METHODS

C
Quantitative PCR. Synchronized L4/young adult worms were harvested and frozen in liquid nitrogen. RNA was prepared using RNAqueous-Micro kit (Ambion, Austin, TX). RNA was reversetranscribed with SuperScriptIII (Invitrogen, Carlsbad, CA) to generate cDNA. Quantitative real-time PCR was conducted using a Strategene Mx-4005P PCR system (La Jolla, CA) with Agilent Brilliant II SYBR Green QPCR Master Mix (Santa Clara, CA). The housekeeping genes rpl-2 and act-1 were used as internal controls.
[ 35 35 S]methionine incorporation into total protein in worms fed bacteria expressing scrambled double-stranded RNA (dsRNA, control) or dsRNA homologous to regulators of gpdh-1 (rgpd) genes encoding aminoacyltRNA synthetases (fars-1, hars-1, lars-1, nars-1, rrt-1, and sars-1 encode phenylalanyl-, histidyl-, leucyl-, asparaginyl-, arginyl-, and seryl-tRNA synthetases, respectively) and eukaryotic translation initiation factors (eif-3f, eif-5, F57B9.3, and iftb-1 encode the eIF3 F-subunit, eIF5, eIF4A, and eIF2 ␤-subunit, respectively). Values are expressed relative to [ 35 S]methionine incorporation in control worms. *P Ͻ 0.04, **P Ͻ 0.01, † P Ͻ 0.001, ‡ P Ͻ 0.0001, compared with control. C and D: relative gpdh-1 mRNA levels in worms fed dsRNA expressing bacteria. **P Ͻ 0.01; † P Ͻ 0.001, compared with control. E: effect of inhibition of protein synthesis for 6 h by 1 mg/ml kasugamycin or 1 mg/ml cycloheximide on gpdh-1 mRNA levels. gpdh-1 mRNA is expressed relative to that observed in control worms with no drug treatment. **P Ͻ 0.01, † P Ͻ 0.001, compared with control. All values are means Ϯ SE; n is shown in parentheses above each data point.
to those described by others (2) . Briefly, synchronized L4 worms were fed [ 35 S]methionine-labeled OP50 bacteria for 4 h, washed, incubated with unlabeled OP50 for 1 h to purge radioactive intestinal bacteria, and then washed thoroughly with NGM buffer. Washed worms were flash frozen in liquid nitrogen and stored at Ϫ80°C before extraction. Protein was extracted from thawed samples by trichloroacetic acidethanol protein precipitation. Total protein concentration and radioactivity incorporation were measured by BCA assay (Pierce Biotechnology) and liquid scintillation counting, respectively.
Western analyses. Worms were sonicated in lysis buffer (62.5 mM Tris·HCl pH 6.8, 2% wt/vol SDS, 10% glycerol, and complete protease inhibitor cocktail tablet; Roche, Indianapolis, IN) and centrifuged at 16,100 g for 5 min. Total protein concentration was measured in all samples with a BCA assay (Pierce Biotechnology, Rockford, IL). Samples were diluted in NuPage LDS buffer (Invitrogen), and aliquots containing equal amounts of total protein were loaded onto a SDS-polyacrylamide gel and separated by electrophoresis. Proteins were transferred from the gel to nitrocellulose membranes and analyzed by Western blotting using a polyclonal antiphospho-eIF2␣ (Ser51) antibody (Cell Signaling Technology, NE BioLabs, Ipswich, MA) and a polyclonal anti-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Total protein transferred to the nitrocellulose membrane was stained with Ponceau S (Sigma Aldrich, St. Louis, MO) according to the manufacturer's suggested protocol. Relative Western blot band and total protein stain intensities were measured using ImageJ 1.46j software (National Institutes of Health).
RNAi experiments. RNAi was performed by feeding worms a strain of Escherichia coli engineered to transcribe dsRNA homologous to a target gene. The strains were obtained from commercially available RNAi feeding libraries (Geneservice, Cambridge, England; Open Biosystems, Huntsville, AL). A bacterial strain expressing 202 bases of dsRNA that is not homologous to any predicted C. elegans gene was used as a control for nonspecific RNAi effects. dsRNA feeding was carried out for 2 days by transferring synchronized L1 larvae to agar plates seeded with control or specific RNAi bacteria. Dual RNAi feeding experiments were performed by seeding plates with equal amounts of bacteria expressing wnk-1 and gck-3 dsRNA.
Statistical analysis. Statistical significance was determined using Student's t-test when two means were compared, a one-way ANOVA (Bonferroni post hoc) when three or more means were compared, and a two-way ANOVA (Bonferroni post hoc) when means were compared across two factors. P values of Յ0.05 were taken to indicate statistical significance.
RESULTS
RNAi silencing of rgpd protein synthesis genes activates gpdh-1 expression in the absence of hypertonic stress (28) . Given their functional importance, we postulated that knockdown of these genes should also inhibit protein synthesis. We tested this idea by quantifying [
35 S]methionine incorporation into total protein in worms fed bacteria producing dsRNA homologous to rgpd genes encoding six aminoacyl-tRNA synthetases (fars-1, hars-1, lars-1, nars-1, rrt-1, and sars-1 encode phenylalanyl-, histidyl-, leucyl-, asparaginyl-, arginyl-, and seryl-tRNA synthetases, respectively) and four eIFs (eif-3f, eif-5, F57B9.3, and iftb-1 encode the eIF3 F-subunit, eIF5, eIF4A, and the eIF2-␤ subunit, respectively). RNAi silencing of all of these genes significantly (P Ͻ 0.04) inhibited [ 35 S]methionine incorporation ϳ55-85% compared with control worms (Fig. 1, A and B) . Knockdown of these genes also significantly (P Ͻ 0.01) increased mRNA levels for gpdh-1 ϳ1.7-to nearly 40-fold ( Fig. 1 
, C and D).
It is conceivable that the reduction of [ 35 S]methionine labeled total protein in RNAi worms is due to reduced ingestion of radioactive bacteria, reduced [ 35 S]methionine uptake in the intestine, and/or increased protein degradation. As shown in Fig 0.08) different in control vs. RNAi worms. In addition, [ 35 S]methionine levels in worm lysates, which contain both free and protein incorporated label, were not significantly (P Ͼ 0.4) reduced in worms fed control or RNAi bacteria (Fig. 2B ). These results demonstrate that ingestion of bacteria and intestinal uptake of [ 35 S]methionine are not inhibited by silencing of rgpd protein synthesis genes.
To assess the effect of RNAi on protein degradation, we fed worms bacteria expressing scrambled dsRNA or one of four rgpd protein synthesis genes (rrt-1, sars-1, eif-5, or F57B9.3). [ 35 S]methionine incorporation into total protein was measured in worms treated for 12 h with drug vehicle only (DMSO) or 500 g/ml cycloheximide, which completely inhibits protein synthesis in C. elegans (25) . In cycloheximide-treated worms, reductions in the levels of [
35 S]methionine-labeled protein reflect protein degradation activity (6) . As shown in Fig. 2C We also tested whether inhibition of protein synthesis by bacterial toxins could induce gpdh-1 expression. Worms were treated for 6 h on 51 mM NaCl agar plates containing either 1 mg/ml kasugamycin or 1 mg/ml cycloheximide. Kasugamycin inhibits translation initiation while cycloheximide blocks the elongation step of protein synthesis. As shown in Fig. 1E , both compounds elevated gpdh-1 mRNA levels 3-16 fold (P Ͻ 0.005).
Results shown in Fig. 1 and 2 support the hypothesis that reductions in protein synthesis serve as a signal to activate gpdh-1 expression during hypertonic stress. Consistent with this idea, we have shown previously that hypertonic stress causes a rapid and prolonged inhibition of translation (6) . Figure 3A shows the relationship between changes in gpdh-1 expression and [ 35 S]methionine incorporation into total protein. Within 20 min of exposure to hypertonic stress, protein synthesis is inhibited ϳ30% and gpdh-1 mRNA levels increase 50 -60 fold. gpdh-1 expression remains elevated and translation inhibited for Ն48 h after worms are transferred to hypertonic medium.
Increased gpdh-1 mRNA levels during hypertonic stress could reflect increased gpdh-1 gene transcription and/or increased mRNA half-life. To determine whether increased transcription is required for the elevated gpdh-1 mRNA levels, we treated worms with the mushroom toxin ␣-amanitin, which is a potent inhibitor of RNA polymerase II. Worms were exposed for 1 h to 51, 200, or 400 mM NaCl agar plates with or without 200 g/ml ␣-amanitin. As shown in Fig. 3B , ␣-amanitin completely blocked hypertonic stress-induced elevation of gpdh-1 mRNA levels indicating that increased transcription is primarily responsible for the increased expression. Based on the results shown in Figs. 1-3 , we conclude 1) that hypertonic stress induces rapid inhibition of protein synthesis and induction of gpdh-1 transcription, and 2) that inhibition of protein synthesis brought about by hypertonic stress, RNAi silencing of essential protein synthesis genes, or toxins represents an important signal for activation of gpdh-1 gene expression.
Two questions arise from the studies described above. First, what are the upstream signaling mechanisms by which hypertonic stress inhibits translation in a manner that specifically activates gpdh-1 transcription? Second, what are the downstream signaling mechanisms that transduce reductions in translation into increased expression of gpdh-1?
Regulation of protein synthesis occurs primarily at the initiation step via changes in the phosphorylation state of eIFs. In mammalian cells, GCN, PKR-like endoplasmic reticulum (ER) kinase (PERK), heme-regulated inhibitor kinase (HRI), protein kinase RNA-activated (PKR) mediate eIF phosphorylation under stress conditions (16, 23, 40) . HRI and PKR kinase homologs have not been identified in the C. elegans genome (32). We therefore examined the role of the unfolded protein Worms were exposed for 1 h to 51, 200, or 400 mM NaCl agar plates with or without 200 g/ml ␣-amanitin. mRNA levels are expressed relative to worms exposed to 51 mM NaCl without ␣-amanitin. gpdh-1 expression in ␣-amanitin treated 200 and 400 mM NaCl worms was not significantly (P Ͼ 0.07) increased above that of untreated worms exposed to 51 mM NaCl. Values are means Ϯ SE (n ϭ 3). response (UPR) and signaling through PERK and GCN kinases in mediating transcription of gpdh-1.
The UPR is a highly conserved intracellular signaling and transcriptional/translational program activated by the accumulation of unfolded proteins in the ER lumen. Activation of the UPR reduces ER protein misfolding (i.e., ER stress) by inhibiting protein synthesis and by upregulating the ER's protein folding capacity. Translation is inhibited by PERK-mediated phosphorylation of eIF-2␣ (18) .
Hypertonic stress causes widespread protein damage in C. elegans (5, 6, 10) suggesting that it might also activate the UPR. To determine whether UPR signaling regulates gpdh-1 expression, we first assessed whether ER stress is induced during exposure to hypertonic conditions. HSP-4 is a conserved ER chaperone protein that is induced by ER stress (8) .
Using an hsp-4 transcriptional GFP reporter transgenic worm strain, we were unable to detect GFP fluorescence changes in animals exposed to 200 or 400 mM NaCl for up to 12 h. We therefore quantified hsp-4 mRNA levels. Exposure to 200 or 400 mM NaCl increased hsp-4 mRNA levels 2.4 -4-fold (P Ͻ 0.05; Fig. 4A ).
While relatively small, the changes in hsp-4 mRNA levels suggested that the UPR might be activated by hypertonic stress. We therefore carried out a number of additional studies to test for the role of UPR signaling in regulating gpdh-1 expression. Inositol requiring enzyme-1 (IRE-1) is an ER membrane kinase/endonuclease that catalyzes the splicing and subsequent activation of the transcription factor X box binding protein-1 (XBP-1) in response to ER stress. If the UPR is activated, the ratio of spliced to total xbp-1 mRNA should increase. To further assess UPR activation, then we quantified the amount of spliced and total xbp-1 mRNA. As shown in Fig.  4B , spliced xbp-1 mRNA levels did not change significantly (P Ͼ 0.3) in worms exposed to 200 mM NaCl. In 400 mM NaCl-treated animals, the ratio decreased significantly (P Ͻ 0.001; Fig. 4B ). These results demonstrate that the UPR is not activated under hypertonic stress conditions. Tunicamycin blocks N-glycosylation of proteins, which in turn triggers ER stress. If UPR signaling regulates gpdh-1 transcription, tunicamycin should increase gpdh-1 mRNA levels. We treated worms for 6 h with 5 g/ml tunicamycin or vehicle (DMSO) only and quantified gpdh-1 expression. Tunicamycin induced expression of the hsp-4 GFP reporter (data not shown). However, as shown in Fig. 4C , there were no significant (P Ͼ 0.7) differences in gpdh-1 mRNA levels in control vs. tunicamycin-treated worms.
Finally, inhibition of the ER membrane sensors that detect unfolded proteins, IRE-1, PERK, and activating transcription factor-6 (ATF-6; Ref. 18 ), should inhibit gpdh-1 expression if UPR signaling is involved in regulating gpdh-1 gene transcription via inhibition of protein synthesis. We used RNAi or worm strains carrying deletion mutations to inhibit UPR signaling in animals exposed to 200 mM NaCl for 2 h. As shown in Fig. 4D , hypertonic stress-induced gpdh-1 expression was not inhibited in ire-1(v33), pek-1(ok275) (a PERK ortholog) and atf-6(ok551) deletion mutants. RNAi silencing of the predicted C. elegans PEK-1/PERK paralog Y38E10A.8 also had no inhibitory effect (Fig. 4D) . Thus, despite the small increases in hsp-4 mRNA with hypertonic stress, we conclude that the UPR is not substantially activated under these conditions and that UPR signaling does not regulate gpdh-1 expression. A: effect of a 2-h exposure to 200 or 400 mM NaCl agar plates on hsp-4 mRNA levels. mRNA is expressed relative to control worms. *P Ͻ 0.05, **P Ͻ 0.03, compared with control. B: xbp-1 mRNA splicing during hypertonic stress. Spliced to total xbp-1 mRNA ratio should increase if hypertonic stress activates the UPR. mRNA ratio at 200 mM NaCl was not significantly (P Ͼ 0.3) different from control. At 400 mM NaCl, mRNA ratio was significantly (P Ͻ 0.001) decreased compared with control. C: effect of activation of the UPR by tunicamycin on gpdh-1 expression. Worms were treated with drug or vehicle (DMSO) on 51 mM NaCl agar plates. Tunicamycin had no significant (P Ͼ 0.7) effect on gpdh-1 mRNA levels. D: effect of deletion mutations or RNAi silencing of endoplasmic reticulum (ER) membrane sensors on gpdh-1 expression. N2, mutant, and RNAi worms were exposed to 200 mM NaCl agar plates for 2 h. mRNA levels are expressed relative to N2 worms. Inositol requiring enzyme-1 (IRE-1), activating transcription factor-6 (ATF-6), and PEK-1 function to detect misfolded proteins in the ER lumen and activate the UPR. PEK-1, a protein kinase RNA-like ER kinase (PERK) ortholog, inhibits protein synthesis by phosphorylating eIF2␣. Y38E10A.8 is a predicted PEK-1 paralog. Loss of function of these genes has no significant (P Ͼ 0.1) inhibitory effect on gpdh-1 transcription. All values are means Ϯ SE; n is shown in parentheses above each data point.
The kinase GCN-2 is activated in eukaryotic cells during starvation (45, 47) . Activation requires interaction with the accessory protein GCN-1 (37). We used worm strains harboring loss-of-function alleles of gcn-1 and gcn-2 to assess the role of this signaling pathway in regulating gpdh-1 expression. As shown in Fig. 5 , hypertonicity-induced gpdh-1 expression was reduced 40 -50% (P Ͻ 0.0002) by loss of either GCN-1 or GCN-2 function.
GCN-2 directly phosphorylates eIF2␣ resulting in turn in inhibition of translation (45, 47) . We quantified changes in C. elegans eIF-2␣ phosphorylation using a phosphospecific antibody. eIF-2␣ phosphorylation increased 2-5-fold (P Ͻ 0.04) in worms exposed to 200 or 400 mM NaCl for 2 h (Fig. 6A) . Disruption of GCN-2 signaling by loss-of-function mutation of gcn-1 decreased (P Ͻ 0.03) hypertonic stress-induced eIF-2␣ phosphorylation Ͼ90% (Fig. 6B) and prevented the reduction of translation observed under hypertonic conditions (Fig. 6C) . Taken together, data in Figs. 5 and 6 indicate that GCN-2 kinase signaling is involved in inhibiting translation during hypertonic stress. Inhibition of translation in turn leads to downstream activation of gpdh-1 transcription (Fig. 1) .
We recently carried out a genome-wide RNAi screen focused on identifying genes required for activation of gpdh-1 expression during hypertonic stress (S. Ells and K. Strange, unpublished observations). One of the strongest regulators of gpdh-1 expression identified in our screen was the kinase WNK-1. WNK kinases are highly conserved in metazoa and play important roles in salt and water homeostasis (9, 33) . In C. elegans, WNK-1 functions together with the Ste20 kinase GCK-3 to regulate systemic volume homeostasis in hypertonic environments (9) .
As shown in Fig. 7A , RNAi silencing of either wnk-1 or gck-3 inhibited gpdh-1 expression 60 -70% in worms exposed to 200 mM NaCl for 2 h. Combined RNAi knockdown of wnk-1 and gck-3 had no additive effect on gpdh-1 expression (Fig. 7A) suggesting that the two kinases function in a common signaling pathway as we have described for acute volume regulation (9) . In addition, there were no additive effects of wnk-1 and/or gck-3 RNAi in gcn-1(nc40) mutant worms (Fig. 7A) . These results indicate that WNK-1 and GCK-3 function together with GCN-1/GCN-2 to regulate gpdh-1 transcription.
WNK-1 and GCK-3 could function upstream or downstream from GCN-1/GCN-2. To determine where they function in the signaling pathway, we quantified the effect of RNAi silencing of wnk-1 or gck-3 on eIF-2␣ phosphorylation induced by a 2-h exposure to 200 mM NaCl. As shown in Fig. 7B , hypertonic stress-induced eIF-2␣ phosphorylation was not significantly (P Ͼ 0.07) different in wnk-1(RNAi) and gck-3(RNAi) worms compared with N2 animals fed bacteria expressing a scrambled dsRNA. These results demonstrate that WNK-1 and GCK-3 Fig. 6 . Role of GCN-2 kinase signaling in regulating eIF-2␣ phosphorylation and protein synthesis during hypertonic stress. A: effect of hypertonic stress on eIF-2␣ phosphorylation. eIF-2␣ phosphorylation was quantified using a phosphospecific antibody. Top: Western blots of phosphorylated eIF-2␣ in worms exposed to 51 (control), 200, or 400 mM NaCl for 2 h. Blots were also probed with an anti-actin polyclonal antibody to assess protein loading. Bottom: quantification of phosphorylated eIF-2␣. *P Ͻ 0.04, **P Ͻ 0.002, compared with control. B, top: Western blots of phosphorylated eIF-2␣ and actin in N2 worms or gcn-1(nc40) mutants exposed to 200 mM NaCl for 2 h. Bottom: quantification of phosphorylated eIF-2␣. *P Ͻ 0.03, compared with control. *P Ͻ 0.03, compared with N2. (C) [ 35 S]methionine incorporation into total protein in N2 worms or gcn-1(nc40) mutants exposed to either 51 or 200 mM NaCl for 2 h. *P Ͻ 0.0001, compared with N2 worms. All values are means Ϯ SE; n is shown in parentheses above each data point.
function downstream from inhibition of translation initiation to regulate gpdh-1 expression.
DISCUSSION
Translation initiation is the primary step at which protein synthesis is regulated. Cap-dependent initiation requires the coordinated function of Ͼ25 distinct proteins including multiple eIFs. Phosphorylation of eIF2␣ or dephosphorylation of eIF4 complex binding proteins (4E-BPs) inhibit translation initiation (16, 23) . Multiple environmental stressors inhibit protein synthesis via changes in the phosphorylation state of eIF2␣ and/or 4E-BPs (20, 40, 48) . For example, in Chinese hamster ovary cells heat shock inhibits translation and decreases 4E-BP1 phosphorylation (43) . Survival of renal medullary cells exposed to high urea levels requires activation of GCN-2 and subsequent eIF2␣ phosphorylation (7) . Oxidative stress in yeast cells inhibits translation in part through activation of GCN-2 kinase signaling and eIF2␣ phosphorylation (38) .
Our results demonstrate that hypertonic stress in C. elegans induces eIF-2␣ phosphorylation via the GCN-2 kinase signaling cascade (Fig. 6A) . Inhibition of this cascade by loss of GCN-1 function blocks eIF-2␣ phosphorylation (Fig. 6B ) and the reduction in translation induced by 200 mM NaCl (Fig. 6C) demonstrating that GCN-1/2 signaling is the primary mechanism for inhibiting protein synthesis during this level of hypertonic stress.
Inhibition of rgpd genes that function in protein synthesis inhibits translation and activates gpdh-1 expression (Figs. 1,  A-D) (28) . gpdh-1 expression is also activated by the protein synthesis inhibitors cycloheximide and kasugamycin (Fig. 1E ). These results demonstrate that reductions in translation serve as a signal for activation of osmosensitive gene expression. Consistent with this conclusion, hypertonic stress-induced gpdh-1 expression is inhibited 40 -60% in gcn-1 and gcn-2 loss-of-function mutants (Fig. 5) . Given that hypertonicityinduced reductions in translation are completely blocked in the gcn-1 mutant (Fig. 6, B and C) , other signals must also regulate the activation of gpdh-1. We suggested previously (28) that hypertonic stress-induced gene expression may also be regulated by a pathway that responds to systemic volume loss induced mechanical signals associated with the nematode cuticle. Rohlfing et al. (36) have subsequently shown that the protein encoded by the rgpd gene osm-8 functions in the cuticle extracellular matrix together with the hypodermal transmembrane protein PTR-23 to regulate constitutive expression of gpdh-1. However, neither of these proteins have clear homologs in other animals suggesting that they are part of a nematode-specific signaling pathway. Fig. 8 . Model illustrating the putative signaling mechanisms involved in activating gpdh-1 transcription. We postulate that hypertonic stress increases uncharged tRNA levels resulting in GCN-2 activation. The initiation complex comprises the preinitiation complex (methionine-charged tRNA, eIF-2␣/␤/␥, eIF1, eIF1A, eIF3, eIF5, a 40S ribosome subunit, and GTP) bound to an mRNA AUG start codon. Activated GCN-2 phosphorylates eIF-2␣, which prevents GTP hydrolysis and subsequent binding of a 60S ribosome subunit to the 40S subunit to form an elongation competent 80S ribosome. Inhibition of mRNA translation activates WNK-1 via an unknown mechanism. WNK-1 binds to GCK-3 as we have shown previously (9) and likely activates it via phosphorylation (12, 33) . GCK-3 in turn induces transcription of gpdh-1 and most likely other osmosensitive genes via an unknown signaling mechanism. Relative phospho-eIF-2α GCN-2 kinases are highly conserved in eukaryotes. They are activated by uncharged tRNAs and thus play a central role in regulating protein synthesis during amino acid starvation (17, 46) . The mechanism by which hypertonic stress activates GCN-2 in C. elegans is uncertain. However, recent studies in yeast have shown that both hypertonic (49) and acid (21) stresses increase uncharged tRNA levels. As discussed in the Introduction, 10 identified rgpd genes encode aminoacyl-tRNA synthetases, which are tRNA charging enzymes. Knockdown of these enzymes is expected to increase uncharged tRNA levels. We therefore suggest that the proximal signal for activating GCN-2 during hypertonic stress in C. elegans is an increase in uncharged tRNAs. Interestingly, certain aminoacyltRNA synthetases are inhibited by small increases in inorganic ion concentrations (1, 30) . Thus it is conceivable that elevated intracellular ionic strength or the levels of specific inorganic ions induced by cell shrinkage could increase uncharged tRNA levels simply by inhibiting the charging enzymes.
How inhibition of translation activates downstream signaling and effector mechanisms is unclear but is a topic of considerable biological importance. Inhibition of protein synthesis extends lifespan in multiple diverse species. Extended lifespan is likely due to improved protein homeostasis, increased availability of cellular resources required for prolongevity mechanisms, and/or selective translation of prolongevity mRNAs (34, 42) . Importantly, enhanced longevity is widely accepted to be associated with increased resistance to diverse stressors (14, 24, 39) . During stressor-induced inhibition of cap-dependent translation, genes required for survival under particular stress conditions are selectively translated (20, 41) . The mechanisms responsible for selective mRNA translation are not well understood but are under intense study. Recent work suggests that translation of 10 -15% of all mRNAs can occur via cap-independent mechanisms that utilize specialized mRNA structural elements such as internal ribosome entry sites (31, 41) . Transcript length may also play an important role in selective mRNA translation under conditions that inhibit protein synthesis (35) .
Our results demonstrate that the C. elegans WNK and Ste20 kinases WNK-1 and GCK-3 are required for hypertonic stressinduced gpdh-1 transcription (Fig. 7A) , that they likely function in a common pathway with GCN-1/GCN-2 (Fig. 7A) , and that they function downstream from eIF-2␣ phosphorylation and translation inhibition (Fig. 7B) . WNK kinases are highly conserved in all metazoa and function in a variety of fundamental and diverse processes including regulation of development, sensory nerve function, insulin and MAPK signaling, and salt and water homeostasis (33) . GCK-3 is a member of the GCK-VI subfamily of Ste20 kinases. The mammalian GCK-VI kinases SPAK and OSR1 play key roles in regulating ion transport pathways that are essential for systemic ion and fluid balance (12, 33) .
WNK-1 and GCK-3 control important physiological processes in C. elegans including systemic fluid balance during hypertonic stress (9) , cell cycle-and cell volume-dependent activity of the CLC anion channel CLH-3b (13, 15) , developmental processes (19, 26) , and hypertonic stress-induced expression of the antimicrobial peptide NLP-29 (29) . Our findings together with those of Lee et al. (29) define a novel role for WNK and GCK-VI kinases in regulating osmosensitive gene expression. We suggest that inhibition of mRNA translation activates WNK-1/GCK-3 signaling, which in turn activates gpdh-1 transcription. The mechanisms that induce gpdh-1 transcription are unclear but may involve phosphorylation-induced changes in the activity of transcription factors similar to what has been proposed for mitogen activated protein kinase-dependent regulation of SKN-1 function during oxidative stress (22, 44) and RNAi silencing of eIFs (44) . A model summarizing our results is shown in Fig. 8 .
In conclusion, our studies have demonstrated that inhibition of protein synthesis induced by hypertonic stress, RNAi silencing of genes that play essential roles in translation, or bacterial toxins serves as an important signal for activation of gpdh-1 transcription and most likely the transcription/translation of other osmosensitive genes. As we have shown previously, inhibition of translation also serves the additional critical role of protecting proteins from damage induced by water loss and concomitant cell shrinkage (6) . Our studies thus provide the basis for development of a systems level understanding of the stress resistance, signaling, and protein homeostasis roles of translation regulation. Understanding these roles has broad implications for understanding the pathophysiology of aging, cellular stresses associated with disease, and how organisms cope with natural and human-induced environmental stressors.
